The detailed investigation of electronic and magnetic properties of polymeric coordination materials with accurate ab initio quantum mechanical methods is often computationally extremely demanding because of the large number of atoms in the unit cell. Moreover, usually the available structural data are insufficient or poorly determined, especially when the structure contains hydrogen atoms. In order to be able to perform controlled ab initio calculations on reliable structures, we use a two-step approach to systematically prepare model structures for polymeric coordination compound systems and to relax them to their equilibrium configuration. First, a structure is constructed on the basis of a crystallographic database and optimized by force field methods; in the second step, the structure is relaxed by ab initio quantum mechanical molecular dynamics. With this structure, we perform accurate electronic structure calculations. We will apply this procedure to a Fe(II) triazole compound and to a coordination polymer of Cu(II) ions with 2,5-bis (pyrazol-1-yl)-1,4-dihydroxybenzene. To cite this article: Harald O. Jeschke et al., C. R. Chimie 10 (2007).
Introduction
Polymeric complexes form a class of materials that attract interest from chemists and physicists. The possibility to apply organic synthesis methods to produce families of compounds with similar structures, but subtly differing physical behavior, offers an opportunity to design materials with planned properties.
Materials showing temperature or pressure induced high-spinelow-spin transitions are currently being discussed for applications in data storage or spintronics. Such magnetic transitions can be optically triggered, raising hopes for technological applications. The cooperativity of such light-induced phase transitions also raises questions concerning the underlying microscopic processes [1e4] . Another important class of polymeric coordination compounds is, in general, low-dimensional magnetic materials where the coupling strengths between the metal ions can be tuned by chemically modifying the ligands and the transition metal ion coordination. Effects of, for instance, dimensional crossover can be studied in this way.
Most of these compounds generally contain a large number of atoms in the unit cell and a very low symmetry (in 80% of the cases triclinic or monoclinic), making the first principles study of the electronic and magnetic properties of these systems under different conditions (pressure, temperature, light irradiation) computationally very demanding. Moreover, since an accurate determination of hydrogen positions with X-ray diffractometry is very difficult, usually the available structure data are poorly determined, implying unstable quantum mechanical calculations. For some cases, the crystal structures are not even known, due to the absence of single crystals suitable for an X-ray structure analysis. In order to overcome these shortcomings, we use in this communication a two-step approach which allows us to perform accurate ab initio density functional theory (DFT) calculations on reliable model structures for coordination polymers. It should be noted that the expression 'ab initio prediction of crystal structures' is also used in the sense of 'a priori prediction', i.e. predictions without reference to diffraction data. Possible crystal structures of organic compounds with 20e60 atoms can be predicted within some days or weeks using force field methods [5] . This works also for organometallic compounds, e.g. pentamethylferrocene Fe(C 5 H 5 ) [(C 5 CH 3 ) 5 ] [6] . Quantum mechanical methods are much more time-consuming; hence their use is limited to local optimizations starting from a given structural model. Thus, quantum mechanical and force field methods can be combined by making first a global optimization using force field methods, followed by a local optimization with quantum mechanical methods. This was done for many inorganic systems, e.g. NaCl or MgF 2 [7] , and a few simple organic compounds, e.g. glycole C 2 H 4 (OH) 2 and glycerol C 3 H 5 (OH) 3 [8] . In most other cases of crystal structure predictions, quantum mechanical calculations were only used for secondary calculations, e.g. to calculate molecular geometries and electrostatic charges, or to derive intramolecular or intermolecular potential curves for subsequent force field optimizations [9] .
If experimental data are known, e.g. from crystal data of analogous structures, this knowledge should of course be used as far as possible in order to generate reliable model structures and to calculate solid-state properties. Here, we apply ab initio DFT methods to understand the relationships between the structures and the electronic and magnetic properties of both (i) spin crossover materials and (ii) low-dimensional spin systems. We will consider two representatives from this large class of compounds: (i) a Fe(II) triazole compound [10, 11] which is thought to have a polymer structure and (ii) a coordination polymer of Cu(II) ions with 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene [12] (we shall denote it as [Cu(bpydhb)] n ; alternative names given in the literature are CuCCP [13] ).
For the Fe(II) triazole system [10, 11] , there is no direct accurate determination of the crystal structure of the complex as it cannot be crystallized sufficiently well. A chain-like structure for such compounds of formula [Fe(Rtrz) 3 ]A 2 $S, where A denotes the anion, was predicted from EXAFS spectroscopy [14] . For analogous Cu(II) compounds, this chain structure was confirmed by single crystal X-ray analysis (see e.g. Refs. [15, 16] ). Polymeric iron triazole compounds always show a poor crystallinity, and single crystals cannot be grown. Hence the X-ray structure analyses are limited to molecular compounds, e.g. trimers containing three Fe(II) ions connected by six triazole ligands and six terminal water molecules [17] . Polymeric iron triazole complexes have been studied by powder diffraction; but apart from a preliminary indexing of [Fe(Htrz) 3 ](ClO 4 ) 2 $1.85 H 2 O [18] , no structural data have been published so far. On the other hand, these polymeric compounds show interesting highspinelow-spin transitions in the solid state (see e.g. Ref. [19] ), and quantum mechanical calculations could help to understand the mechanism of this spin crossover. Since all calculations of electronic and magnetic properties require a reliable and reasonable model of the crystal structure, we constructed the structures of a hypothetical polymer crystal. All available information of molecular iron triazole systems, and of analogous Cu(II) polymers were included. In order to make the ab initio DFT calculations feasible, we constructed at first some models containing small triazoles (e.g. methyl-triazole) and simple anions (e.g. F À ). Our rationale is that the model compound still has the same coordination and immediate environment of the Fe(II) ion as the real material which should thus allow us to study the mechanisms of the high-spinelow-spin transition. Structures with more complex anions will be considered later.
The second system that we study, the coordination polymer of Cu(II) ions with 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene, [Cu(bpydhb)] n , has been recently synthesized by Wagner et al. [12] . The Cu 2þ ions in this compound form spin 1/2 antiferromagnetic Heisenberg chains running along the z-axis. We will analyze the influence on the electronic properties of slight structural modifications, like substitutions of small organic groups on the dihydroxybenzene or introduction of water ligands which change the coordination of Cu from square to octahedral. The structure of Cu(II) with 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene has been obtained by X-ray powder diffraction [12] and we will apply our two-step approach for the modified structures based on these data.
Methods
We derive and investigate model polymeric coordination compound structures in two steps. First, we create a rough structure on the basis of crystallographic databases [21] . If no crystal structures of similar compounds are known e like in the case of Fe triazoles e, we construct a hypothetical crystal structure having the highest possible symmetry, a small number of atoms per unit cell and a sensible arrangement of the individual fragments. The crystal structure is optimized by force field methods including the optimization of the unit cell parameters, but maintaining the crystallographic symmetry. We used the Cerius 2 program package [22] with a modified Dreiding [23] force field; atomic charges were calculated by the Gasteiger and Marsili method [24] . Afterwards we proceed to improve the structure by relaxing it again, but now with an ab initio quantum mechanical molecular dynamics method [25] . Note that we employ an all-electron method already at this step in order to obtain the best possible equilibrium structure even for demanding transition metal complexes. Finally, we analyze the properties of the relaxed model structure with an all electron ab initio DFT method of the highest precision [26] .
Our Car Parrinello (CP) ab initio molecular dynamics (AIMD) calculations [25] are performed with a projector augmented wave (PAW) basis set [27] . This is an all-electron calculation based on the frozen core approximation. The exchangeecorrelation potential is evaluated in the generalized gradient approximation (GGA) as parameterized in Ref. [28] . After a first analysis of the electronic properties for the classically prepared model in order to determine the structural stability, we employ an AIMD with friction to refine the structure. We impose constraints on the atomic coordinates in order to preserve the space group symmetry of the compound.
For the final analysis step we employ the full potential linearized augmented plane wave (LAPW, APW þ lo) method as implemented in the WIEN2k code [26] .
Results

Fe(II) triazole
The Fe(II) spin crossover molecular systems have been intensively studied in the past [19] and various theories have been developed about the mechanism of the high-spinelow-spin transition. A few years ago, Kahn and Jay Martinez [10] proposed that the cooperativity of this transition may be enhanced by replacing molecular crystals by polymers, since in the latter the metallic sites are bridged by chemical linkers through which one may get efficient intersite coupling. A first-principle DFT study of such systems would bring some light into the properties of these materials. Unfortunately, to date it has not been possible to get an accurate X-ray structure determination of Fe(II) spin crossover polymer systems, as discussed above, which is an indispensable input for ab initio DFT calculations and therefore, to our knowledge, no reliable ab initio studies were performed. With the two-step method, we have obtained e based on known data for molecular Fe(II) spin crossover systems e optimized model polymer structures which can be used as input for ab initio DFT calculations. In Fig. 1 we present the structure of the polymer Fe(II) compound with 4-methyl-1,2,4-triazole moieties as bridging ligands between the Fe(II) cations. As anions we chose simple F À ions in order not to complicate the DFT calculations. The structure has P2 1 /m symmetry; a higher symmetry was not possible with this chemical composition. As an initial structure with Fig. 2 we present the spin-polarized density of states (DOS) obtained [26] for this system after structural optimization for the low-spin (Fig. 2(a) ) and the high-spin (Fig. 2(b) Fig. 2(a) , the six electrons of Fe(II) 3d 6 occupy fully the t 2g states (see DOS manifold between À2 and À0.2 eV) for both spins, thus corresponding to a low-spin S ¼ 0 state. The e g states are completely empty and lie above the Fermi level. In Fig. 2(b) , the majority (spin up) t 2g and e g states are occupied (upper panel DOS in the range between À3.8 and À0.6 eV), while the minority (spin down, lower panel) t 2g states are about one-third occupied and two-thirds empty. The minority e g states are completely empty (states in the range of energies between 1 and 3 eV, lower panel). These results indicate that the system is in a high-spin S ¼ 2 state. A detailed investigation of the magnetic properties of this polymer system for both spin states will be presented elsewhere [29] .
Cu(II)epolymer
The Cu(II) coordination polymer [Cu(bpydhb)] n synthesized by Wagner et al. [12] crystallizes in the triclinic space group P1 (no. 2) and consists of stacks of chains of deprotonated 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene molecules connected by Cu 2þ ions. This system behaves as a homogeneous antiferromagnetic spin 1/2 Heisenberg chain, with an exchange coupling constant J ¼ 21.5 K/k B estimated from magnetic susceptibility measurements [13] . The modular nature of this polymer makes it an adequate candidate to study chemically feasible structural modifications which may change the electronic and magnetic properties. Of special interest is the effect of dimensionality, i.e. tuning the crossover from one dimension to higher dimensions with the inclusion of adequately modified ligands. Since in this communication we want to stress the procedure we follow to design these structures and how we calculate the electronic properties, we will concentrate here on one substitution, namely two hydrogen atoms in the hydroquinone ring by two amino groups and show the efficiency of the two-step process. A second issue in this context that requires some attention is the study of the effect of two additional ligands at the Cu(II) ion, since such an octahedral coordination of copper is also frequently observed. We will here present the relaxation process on [Cu(bpydhb)] n with two additional water molecules in the environment of copper.
In Fig. 3 we present the relaxed structure of [Cu (bpydhb)] n where two hydrogen atoms in the hydroquinone rings have been substituted by two amino groups. This structure was obtained first by applying the force field method, which already has the correct information of the chemical distances and angles from databases. A quantum mechanical evaluation of the forces on the atoms (see Table 1 ) for this structure performed with the full potential LAPW method [26] (FPLAPW) still shows an unstable structure. Our aim is to relax this structure showing forces in the hundreds of mRyd/a B with quantum mechanical molecular dynamics calculations, AIMD, until we find forces smaller than 25 mRyd/a B which we set as upper bound for the force values. In order to get structures with forces smaller than 1 mRyd/a B within the FPLAPW method, a fine tuning between the various first principles DFT methods we employ has to be considered. For our purposes here, a benchmark of 25 mRyd/a B is reasonable. In Table 2 the forces after the AIMD relaxation are shown and we observe that the structure is relaxed to our required precision. The fractional coordinates of this structure are given in Table 3 where the symmetry and cell parameters were kept unchanged with respect to the unsubstituted Cu polymer system [
148 . In a different modification of the Cu(II) polymer structure, we want to investigate the influence of a change of the Cu coordination from four to six on the electronic properties of the Cu(II) polymer. We added two water molecules bound to the Cu center and proceeded as outlined for the case of the NH 2 Fig. 3 . Four unit cells of [Cu(bpydhb)] n (see text for the detailed formula) where two hydrogen atoms in the hydroquinone rings have been substituted by two amino groups. We find that the relaxed structure shows some tilting of the amino groups out of the plane defined by the benzene ring. Note that the forces were determined under the constraint of inversion symmetry; thus there are no forces acting on the Cu(II) ion center. Units are in mRyd/a B . See Table 3 for identification of the atom location. The corresponding unit cell parameters are given in the text.
substitution: a first structure was obtained from the force field method, yielding high forces when we controlled it with an FPLAPW calculation. Further relaxation with AIMD yields forces around 20 mRyd/a B . The corresponding structure is shown in Fig. 4 , and the fractional coordinates are given in [12] , since in the relaxation process of the new structure the unit cell was allowed to relax properly in order to accommodate the water molecules.
We investigate now the electronic properties of the two model Cu(II) polymers with a precise FPLAPW calculation. A detailed account of the electronic and magnetic properties of both systems is presented elsewhere [30] . Here we would like to stress the effect of a planar Cu environment (for the CueNH 2 case) in comparison of an octahedral environment (for the CueH 2 O case) on the Cu d density of states. In Fig. 5 (a) and (b) the Cu d density of states for both modifications is presented. While for both cases Cu is in an oxidation 2 þ with the d x 2 Ày 2 orbital half filled, the effect of the octahedral crystal field shows a splitting into t 2g (d xy , d xz , d yz ) for energies below À1.5 eV and e g ðd z 2 ; d x 2 Ày 2 Þ states above À1.5 eV (see Fig. 5 (b) ), while in the planar environment all d states are split and the states contributing to the bonding at the Fermi surface are mainly of d x 2 Ày 2 character in the local coordinate frame of Cu which is defined with the local z direction pointing from the Cu to the O of the H 2 O molecule and the y direction pointing from the Cu to the in-plane O atom.
Conclusions
We have investigated the structural properties and its effects on the electronic properties of the quasione-dimensional polymer [Cu(bpydhb)] n with small The corresponding unit cell parameters are given in the text. structural modifications and a model Fe(II) triazole polymer using classical and ab initio DFT methods. We demonstrate that the use of a stepwise approach to the study of complicated coordination polymer materials is an effective procedure to obtain reliable structures for accurate quantum mechanical analysis. We note that an exclusive use of ab initio molecular dynamics is very time-consuming, while the combination of the classical and quantum approaches speeds up the relaxation process considerably. We first employ a classical force field to create and relax plausible initial structures. In a second step, we proceed with ab initio molecular dynamics to relax these structures to a stable configuration. Finally we extract the electronic properties of the transition metal compounds with precise FPLAPW calculations.
